Abstract: This paper presents soil fluxes of methane (CH 4 ), nitrous oxide (N 2 O), and carbon dioxide (CO 2 ) from 12 sites located in four major forest types, black spruce (Picea mariana (Mill.) BSP), jack pine (Pinus banksiana Lamb.), aspen (Populus spp.), and alder (Alnus spp.) stands, in the Eastmain and Chibougamau regions of Quebec. Fluxes were determined with closed chambers during the snow-free period from May to October 2007. Well-drained black spruce, jack pine, and aspen forest soils were net sinks of atmospheric CH4 (-0.33 ± 0.11 mgÁm -2 Áday -1 ), while alder-dominated wetland soils were sources of CH4 (0.45 ± 0.12 mgÁm -2 Áday -1 ). The cut-over alder wetland soil produced 131 times more CH4 than the undisturbed wetland soil. Soil moisture and temperature mainly regulated CH4 fluxes. N2O fluxes from these forest soils were highly variable and smaller (1.6 ± 0.33 mg NÁm -2 Áh -1 ) than those from deciduous forest soils. N2O emission from the cut-over black spruce forest soil was 2.7 times greater than that from the mature black spruce forest soil. Large C/N ratios (27 to 78) and slow soil N mineralization and nitrification rates in these forest soils may have led to small N2O fluxes. CO2 emissions from these forest soils, ranging from 0.20 to 2.7 gÁm -2 Áday -1 , were mainly controlled by soil temperature. 
Introduction
Forests represent about 50% of the total land area in Canada (Lemmen and Warren 2004) , and boreal forest is the dominant forest type, representing about one third of the global boreal forest cover (Stewart et al. 1998 ). The net carbon (C) exchange between forest soils and the atmosphere is dominated by carbon dioxide (CO 2 ) fluxes, but within the context of global warming potentials (IPCC 2007) , it is necessary to include methane (CH 4 ) and nitrous oxide (N 2 O) fluxes in these ecosystems. To date, estimates of national C balance of Canadian forests (Kurz and Apps 1999; Chen et al. 2000) have not taken CH 4 and N 2 O fluxes into account because of a lack of data from forest soils, particularly boreal forest soils.
In forest soils the fluxes of CH 4 result from two microbial processes, methanogenesis and methanotrophy (Megonigal et al. 2004) . When soils are wet and anaerobic, methanogenic bacteria produce CH 4 , while under aerobic soil conditions, methanotrophs (chemolithotrophic bacteria) oxide atmospheric CH 4 and CH 4 produced in situ (Megonigal et al. 2004 ). The availability of organic C as an energy source for methanogens, and soil moisture and temperature are some of the key controllers of CH 4 production, while soil porosity, moisture content, and temperature mainly control CH 4 oxidation in soils (Megonigal et al. 2004) . N 2 O is produced in soils by denitrification and nitrification processes (Megonigal et al. 2004) . Under anaerobic conditions, denitrifier microbes reduce nitrate (NO 3 ) to N 2 O and nitrogen (N 2 ) gases, and the relative amounts of N 2 O and N 2 produced depend on the availability of organic C substrate, NO 3 content, and soil moisture (Ullah et al. 2005) . When soils are saturated with moisture, N 2 O diffusion into the atmosphere is slow, thereby allowing more time for the denitrifiers to re-duce N 2 O to N 2 gas before it escapes into the atmosphere (Ullah et al. 2005) . Nitrifier microbes in soils convert ammonium (NH 4 ) to NO 3 under aerobic conditions, and during this process some of the mineral N is lost as N 2 O (Arah 1997) . Boreal forests in Canada consist of a mosaic of welldrained and poorly drained soils determined by topography, which can influence the microbial processes responsible for the fluxes of CH 4 and N 2 O and hence their net global warming potentials.
Although the exchange of CH 4 and N 2 O between boreal forest soils and the atmosphere may be small, the large aerial extent of boreal forests in Canada means that the net exchange rates of these two gases may be significant. Burke et al. (1997) , Savage et al. (1997) , and Schiller and Hastie (1996) reported CH 4 fluxes from mature and burned boreal forests in northern Ontario and Manitoba ranging from -1.8 to 0.5 mg CH 4 Ám -2 Áday -1 . Schiller and Hastie (1996) reported N 2 O fluxes from boreal forest soils in northern Ontario ranging from -7 to 25 mg NÁm -2 Áday -1 . This wide range in measured CH 4 and N 2 O fluxes from boreal forest soils is mainly attributable to the limited number of studies undertaken and limited investigation of the impacts of soil drainage class (Ullah et al. 2008 ) and of major forest disturbances such as natural fires (Schiller and Hastie 1996) and tree harvesting on greenhouse gas fluxes. These disturbances could have a significant influence on greenhouse gas exchanges with the atmosphere, through their effect on soil physical, chemical, and biological properties. Thus, it is critical to investigate the influence of soil drainage class, natural fires, and forest harvesting on greenhouse gas exchanges to improve our ability to calculate and model net greenhouse gas exchanges in Canada. Knowledge of the magnitude of and controls on greenhouse gas fluxes from boreal forest soils in Canada is fragmentary (Schiller and Hastie 1996; Savage et al. 1997) . Here, we make a preliminary quantification of soil CH 4 , N 2 O, and CO 2 fluxes from four different boreal forest types with varying soil drainage classes under undisturbed conditions, under natural disturbance (fire), and under forest management regimes in Quebec. The goal of the research was to quantify exchange rates of the three gases during the snowfree period of 2007 and identify the influence of environment and forest management techniques on the fluxes.
Materials and methods

Site description
The study was undertaken in two regions of Quebec: the Eastmain River area and near the town of Chibougamau. The Eastmain River area is located within the James Bay region of northern Quebec (52.208N, 76.078W), which is characterized by mixed boreal forests, including jack pine (Pinus banksiana Lamb.), black spruce (Picea mariana (Mill.) BSP), trembling aspen (Populus tremuloides Michx.), and alder (Alnus rugosa Du Roi Spreng.) stands. Six forest sites were selected: a mature black spruce dominated site, a burned black spruce site (burned naturally in 2005), a mature jack pine site, a burned jack pine site (burned naturally in 1989), a 30-year-old trembling aspen site, and a mature wetland site developed on poorly drained soils, dominated by a black spruce tree layer and an alder shrub layer.
The mature black spruce dominated site had a ground cover of feathermoss (Pleurozium schreberi Brid.) and lichens (Cladonia spp.), and the shrub layer was dominated by blueberry (Vaccinium angustifolium Ait.) and sheep laurel (Kalmia angustifolia L.). The alder wetland site was located about 150 m down slope of this site and had a ground layer dominated by Sphagnum moss and scattered waterfilled hollows ranging in area from 0.1 to 1 m 2 . The burned black spruce site was completely burned in 2005 and was undergoing natural regeneration, predominantly by black spruce seedlings. The mature jack pine and the burned jack pine sites were mostly located on well-drained sandy soils. The burned site had a scattered ground cover of blueberry. The aspen-dominated site was mainly composed of 30-yearold trees, with a shrub layer of sheep laurel and Sphagnum moss in wetter areas.
The Chibougamau sites are located in central Quebec. Mature and cut-over black spruce forest sites were selected near the eddy covariance towers of the FLUXNET/Canadian Carbon Program, located halfway between the northern and southern limits of boreal forest ecosystems and 250 km south of the Eastmain sites (Bergeron et al. 2007 ). The mature and cut-over sites are located about 30 km south (49.698N, 74.348W) and about 110 km southeast (49.268N, 74.038W) of Chibougamau, respectively. In the mature black spruce forest site, three plots were sampled along a transect. The high-elevation upland plot was dominated by mature black spruce, with fewer jack pine trees, an understory composed of shrubs including Labrador tea (Ledum groenlandicum Oeder.) and sheep laurel, and a ground vegetation of lichens and feathermosses. The midelevation slope plot was located next to the FLUXNET tower and was dominated by black spruce, with Labrador tea and sheep laurel as understory shrubs and a feathermoss ground cover with Sphagnum moss occurring in scattered hollows. The low-elevation mature wetland plot was dominated by black spruce, with an understory dominated by alder trees and a ground cover of Sphagnum moss. The cut-over forest site was clear-cut in 2000 (Giasson et al. 2006) , and three plots were established. The unscarified and scarified plots were located next to the FLUXNET tower on well-drained soils with saplings of alder and black spruce regenerating and with a shrub layer dominated by blueberry and Labrador tea. The scarified plot was ploughed after logging to hasten regeneration (Giasson et al. 2006 ). The cut-over wetland plot, a forested swamp before harvest, was located in the low-elevation area and had a shrub layer dominated by alder. This plot remains partially flooded during the growing season.
Over the period 1971-2000, mean annual air temperature at the Chapais-Chibougamau weather station of Environment Canada was -0.1 8C, annual rainfall was 647 mm, annual snowfall was 271 cm, and total annual precipitation was 920 mm (Environment Canada 2008) . No such longterm data are available for the Eastmain area.
Greenhouse gas flux sampling and analysis
Four gas flux measurement collars (472 cm 2 area) were installed at each plot using a random number table to ensure random placement of collars in each site. At Eastmain collars were installed 1 month prior to gas sampling, while those at Chibougamau were installed 7 months prior. The collars were inserted to a depth of 10 to 15 cm in the forest floor without removing the litter layer. The Eastmain collars were sampled six times from 10 June to 5 October 2007, while those at Chibougamau were sampled monthly from May to September 2007. Gas sampling followed the closedchamber technique (Hutchinson and Mosier 1981) . The collars had a continuous circular groove filled with water to create a seal between the collar and the chamber (headspace enclosure) during gas sampling. The volume of the chamber was 8000 cm 3 , and the average volume-to-area ratio (V/A) of the chamber was 17, which met the minimum V/A ratio required for measuring greenhouse gas fluxes without influencing the gas diffusion patterns that would prevail under normal atmospheric pressure (Hutchinson and Mosier 1981) . The net headspace volume was recorded for each collar and ranged from 8000 to 10000 cm 3 depending on the height of the collar above the forest floor. The chambers were wrapped with aluminum foil to avoid heating the enclosed air during gas sampling. Upon enclosure of the collars with cover chambers (starting between 9:00 and 11:00 am), gas samples were collected at 0, 30, 60, and 90 min with a sampling port attached to the top of the chamber. The gas samples (25 cm 3 ) were transferred to pre-evacuated, crimped glass vials (13 cm 3 ) and analyzed within 3 to 10 days of collection on a Shimadzu 14-A gas chromatograph equipped with an electron capture detector for N 2 O analysis, and on a Shimadzu Mini gas chromatograph equipped with an flame ionization detector for CH 4 and CO 2 analysis, using a methanizer column to determine CO 2 concentration. The flux of each gas was determined based on a linear change in gas concentration over the 90 min incubation period. Gas concentrations with no consistent increase or decrease over the 90 min incubation period were considered to be zero flux, provided the coefficient of variation was not greater than that of known gas standards.
Physicochemical properties
Soil temperature (0-10 cm soil depth) and volumetric water contents (VWC, 0-12 cm soil depth) were measured next to each collar during gas flux sampling using a portable soil temperature probe (10 cm long) and a Hydro Sense soil moisture probe (12 cm long) (Campbell Scientific, Edmonton, Alberta). Soil temperature and moisture probes integrate measurements over the length of the probes inserted into the soil. Three intact soil cores (0-15 cm depth) were collected at each site for bulk density determination in July at Eastmain and in May at Chibougamau. Bulk soil samples were also collected in June, July, and October from each Eastmain plot (in triplicate), and in May, June, July, August, and September from each of the Chibougamau plots for the determination of soil pH, NO 3 , NH 4 , total dissolved N, and dissolved organic C (DOC), following Ullah et al. (2008) . Soils were homogenized manually, and roots and stones were removed. For the determination of net N mineralization and nitrification rates, subsamples of 25 g field-moist soils were weighed into 250 mL Mason jars for a 28 day incubation at room temperature in the laboratory (Hart et al. 1994) . Additional subsamples of 5 g dry soil equivalent were extracted with 2 mol/L KCl solution, using a soil-toKCl solution ratio of 1:10, shaken for 1 h, and filtered through No. 42 Whatman filter paper. The filtrates were frozen until analysis on a flow injection analyzer for the determination of initial NO 3 and NH 4 concentrations. The NO 3 concentration included nitrite (NO 2 ) in the samples. The incubated soils were extracted after the 28 day incubation to obtain final NO 3 and NH 4 concentrations. The differences between the initial and final mineral N concentrations were used to calculate net N mineralization and nitrification rates.
For the determination of soil C and N content, samples were collected in July 2007 from the upper 0-15 cm organic layer and from the underlying mineral soil layers (0-15 cm), if the thickness of the organic layer of a site was more than 15 cm. The mature black spruce, alder wetland, and aspen sites at Eastmain and the mature and cut-over black spruce forest sites at Chibougamau had a thick (>15 cm) organic layer above the mineral soil layer. The organic layer was <15 cm thick in the mature and burned jack pine and burned black spruce sites at Eastmain and the alder wetland sites at Chibougamau, and these sites were sampled to a depth of 15 cm, without differentiation into organic and mineral soil layers. Selected physicochemical characteristics of the sites are shown in Table 1 .
Statistical analysis
The data for CH 4 and N 2 O fluxes and N mineralization and nitrification rates were log transformed prior to statistical analysis. Multiple linear regression analysis of CH 4 fluxes, CO 2 fluxes, N mineralization rates, and nitrification rates from all sites on physicochemical characteristics was performed using SAS version 9.3.1. A stepwise selection model was chosen to identify significant predictor variables and to avoid the inclusion of collinear variables. Since the residuals of the N 2 O fluxes were not normally distributed, even after log transformation, a nonparametric KruskalWallis ANOVA by ranks was run for site effects, and Spearman rank correlation was run on N 2 O fluxes and relevant variables. CH 4 and CO 2 fluxes and N mineralization and nitrification rates were also compared among sites using AN-OVA to uncover the influence of site, forest type or management regime, and season on gas fluxes and N mineralization rates. To integrate N 2 O, CH 4 , and CO 2 fluxes over the snow-free period, the mean flux of two adjacent sampling dates was used to calculate the mean flux for the period in between these two sampling dates.
Results
CH 4 fluxes
Well-drained soils were sinks and wetland soils were sources of atmospheric CH 4 in Eastmain and Chibougamau. At Eastmain most plots consumed CH 4 with mean fluxes ranging from -0.04 mg CH 4 Ám -2 Áday -1 (burned black spruce) to -0.60 mg CH 4 Ám -2 Áday -1 (burned jack pine). The exceptions to this overall result were the alder wetland and mature black spruce plots, which were modest sources of CH 4 (0.41 and 0.14 mg CH 4 Ám -2 Áday -1 , respectively). The net efflux of CH 4 from the mature black spruce plot was caused primarily by high emission rates of CH 4 in early summer, which switched to an influx of CH 4 later in the summer (Fig. 1) . CH 4 fluxes from the mature and burned black spruce sites were not significantly different from each other for all sampling dates (p > 0.05; Table 2 ). Likewise, CH 4 consumption Note: DOC, dissolved organic carbon; TDN, total dissolved nitrogen; VWC, volumetric water content. na, not applicable, i.e., site had an organic matter layer less than 15 cm deep; these sites were sampled down to 15 cm depth for total C and N analysis without segregation into organic and mineral soil layers.
rates at the mature and burned jack pine sites were not significantly different; however, these sites consumed significantly more CH 4 than the mature and burned black spruce sites in the late summer, from 26 July through 10 August and 10 October sampling dates. On the 18 July sampling date exclusively, aspen consumed more CH 4 than the mature and burned black spruce sites. The alder wetland emitted CH 4 and was significantly different from all other sites (p < 0.05).
At Chibougamau the mature upland and slope plots and the unscarified and scarified cut-over plots consumed atmospheric CH 4 at rates ranging from -0.19 to -0.51 mg CH 4 Ám -2 Áday -1 (Fig. 1) . The mature and cutover wetland plots were net sources of atmospheric CH 4 (Table 2) , and net CH 4 emission from the cut-over wetland plot was significantly different from that of the remaining mature and cut-over black spruce plots (including the mature wetland) over all sampling dates (p < 0.05).
When extrapolated to the 5 month sampling period for the Eastmain plots, fluxes were as follows: jack pine, -702 mg CH 4 Ám -2 ; aspen, -272 mg CH 4 Ám -2 ; burned spruce -13 mg CH 4 Ám -2 ; mature spruce, 88 mg CH 4 Ám -2 ; alder wetland, 433 mg CH 4 Ám -2 . In the Chibougamau region, fluxes were as follows: well-drained mature black spruce, -448 mg CH 4 Ám -2 ; cut-over black spruce, -252 mg CH 4 Ám -2 ; mature wetland, 263 mg CH 4 Ám -2 ; cutover wetland, 33 447 mg CH 4 Ám -2 . Stepwise multiple linear regression of individual logtransformed CH 4 fluxes, from all plots and sampling dates, on physicochemical characteristics identified soil moisture and soil temperature as significant predictor variables (p < 0.0001, F = 54, adjusted R 2 = 0.32, n = 227; Table 3 ). The standardized regression coefficients for soil moisture and temperature were 0.64 and 0.29, respectively, showing that the contribution of soil moisture in explaining variability in CH 4 fluxes was higher than that of soil temperature.
N 2 O fluxes
N 2 O fluxes from Eastmain and Chibougamau soils were highly variable (Fig. 2) . When values were averaged over the sampling period at the Eastmain sites, the alder wetland soil emitted the greatest and the burned jack pine soil emitted the lowest net amount of N 2 O (Table 2 ). When N 2 O emissions from all the Eastmain plots were extrapolated over the 5 month sampling period, these sites emitted an average of 31 mg NÁm -2 . At the Chibougamau sites the mature black spruce forest soils emitted an average of 21 mg NÁm -2 , compared with 33 mg N 2 O-NÁm -2 at the cutover site. The N 2 O data from all sites were highly skewed, even after log transformation, and thus did not allow parametric analysis for site effects or linear models. According to the Spearman's rank correlation analysis, the N 2 O fluxes did not show significant correlations with environmental or substrate variables; as well, Spearman's rank correlation and nonparametric ANOVA showed no significant difference in N 2 O emissions among the 12 plots.
CO 2 fluxes
CO 2 emissions from the mature black spruce forest sites were similar at Eastmain and Chibougamau. At Eastmain the aspen soils produced the greatest amount of CO 2 (1.51 ± 0.09 g CÁm -2 Áday -1 ), while the burned black spruce produced the lowest amount (0.47 ± 0.05 g CÁm -2 Áday -1 ; Fig. 3 ; Table 2 ). CO 2 emissions from all Eastmain sites over the 5 month period averaged 1.07 ± 0.02 g CÁm -2 day -1 . In the Eastmain region mature jack pine, alder, and aspen sites had significantly higher CO 2 emission rates than the mature and burned black spruce sites (p < 0.05). CO 2 emissions from the mature black spruce and cut-over sites in Chibougamau averaged 0.74 ± 0.03 and 0.92 ± 0.07 g CÁm -2 Áday -1 , respectively. CO 2 emissions from the mature wetland were half those of the cut-over wetland site. In the Chibougamau region mature black spruce and wetland sites had similar CO 2 emission rates. Scarified and cut-over wetland plots had larger emissions than the mature wetland (p < 0.05). Linear regression analysis of all individual CO 2 emissions from all plots in Eastmain and Chibougamau found soil temperature to be the most significant predictor variable, accounting for 12% and 38% of the variability, respectively (Table 2; Fig. 4 ).
N mineralization
Mean potential net N mineralization rates for soils from the Eastmain and Chibougamau sites were 209 ± 17 and 172 ± 14 ng NÁg -1 Áday -1 for the snow-free period, respectively (Fig. 5) . At Eastmain the alder wetland and aspen sites had the highest mean N mineralization rates of 371 ± 43 and 370 ± 69 ng NÁg -1 Áday -1 , respectively, while the burned jack pine site showed the smallest rate of 50 ± 36 ng NÁg -1 Áday -1 . Nitrogen mineralization rates of the aspen site were significantly different from those of the mature and burned black spruce and jack pine sites (p < 0.05). Mature black spruce showed smaller N mineralization than the burned black spruce site (p < 0.05), while mature and ); CNm, C/N ratio in mineral soil layer. All regressions were significant at p < 0.05. burned jack pine sites had similar N mineralization rates (p > 0.05). The mean N mineralization rates for the mature black spruce sites at Chibougamau were 1.9 times higher than those for the cut-over forest sites. Scarified black spruce and cut-over wetland had significantly higher N mineralization rates than the rest of the sites in the Chibougamau region (p < 0.05). Multiple linear regression analysis of the log-transformed N mineralization rates from all the sites revealed that total dissolved N content, DOC content, NH 4 content, and nitrification rate explained 42% of the variability in N mineralization (p < 0.0001; Table 3 ).
Mean net nitrification rates represented about 11% of the total mineralized N in the Eastmain soils and 12% in the cut-over and mature forest soils at Chibougamau. Mean rates were 23 ± 6 ng NÁg -1 Áday -1 for the Eastmain sites and 20 ± 4 ng NÁg -1 Áday -1 for the cut-over and mature forest sites at Chibougamau (Fig. 6) . The aspen site at Eastmain showed the highest seasonal nitrification rate of 100 ± 30 ng NÁg -1 Áday -1 , while mature jack pine site had the smallest rate of 0.0 ± 5 ng NÁg -1 Áday -1 (p < 0.05). At Chibougamau the mature forest site had 1.4 times higher nitrification rates than the cut-over forest site (23 and 16 ng NÁg -1 Áday -1 , respectively). Mature and cut-over wetland plots showed significantly higher nitrification rates than the rest of the sites in Chibougamau (p <0.05).
Stepwise multiple linear regression analysis of log-transformed nitrification rates from all the sites identified six properties that explained 49% of the variability in nitrification rates: CO 2 emission rate, NO 3 content, NH 4 content, DOC content, N mineralization rate, and C/N ratio of the mineral soil layer (Table 3) .
Discussion
CH 4 fluxes
In general, atmospheric CH 4 was consumed by forest soils in both Eastmain (jack pine, aspen, and burned black spruce sites) and Chibougamau (mature and cut-over well-drained forest sites), except at the poorly drained sites. Rates of CH 4 consumption for the intact, burned, and cut-over sites are within the ranges reported for similar forest types in the boreal region (Table 4 ). In Eastmain periodic CH 4 emission occurred from black spruce and aspen forest types in May and June when soil moisture contents were high. Schiller and Hastie (1996) reported similar CH 4 release from mature and clear-cut boreal forest soils with high soil moisture content in northern Ontario. The mature and burned jack pine soils consumed greater amounts of CH 4 than the black spruce and aspen soils, due mainly to their lower water contents (0.12 and 0.16 m 3 Ám -3 , respectively), which may have supported more rapid diffusion of atmospheric CH 4 into oxidation zones (Lessard et al. 1994 ) than in the black spruce and aspen soils (0.44 and 0.39 m 3 Ám -3 , respectively) ( Table 1) . Billings et al. (2000) reported that soil VWC below 0.20 m 3 Ám -3 in boreal forest soils in Alaska increased CH 4 consumption rates, a finding that is in agreement with our study. Whalen and Reeburgh (1996) also observed an increase in CH 4 oxidation rates in black spruce and aspen forest soils when water contents fell from 0.70 to 0.40 m 3 Ám -3 . Savage et al. (1997) reported higher consumption rates in dry jack pine forest soils than in mesic black spruce forest soils in Manitoba, a result that is also in agreement with our findings. Our data suggest that VWC exerts significant control over CH 4 consumption rates in well-drained boreal forest soils (Lessard et al. 1994) .
Given the significance of soil moisture contents in regulating CH 4 oxidation rates in boreal forest soils, it is interesting to note that the burned black spruce forest site at Eastmain had a mean VWC of 0.20 m 3 Ám -3 , half that of the mature black spruce site (0.39 m 3 Ám -3 ; Table 1 ). However, CH 4 consumption rates were not significantly different over all sampling dates (p > 0.05) in the two sites. Similarly, VWC of the upland plot of the mature black spruce forest site in Chibougamau averaged 0.21 m 3 Ám -3 , but the CH 4 consumption rates were 13 times those observed at the burned black spruce forest site. Burke et al. (1997) reported lower mean fluxes in a 1-year-old burned black spruce forest ( -0.28 mg CH 4 Ám -2 Áday -1 ) than in a mature black spruce forest in Manitoba (-0.48 mg CH 4 Ám -2 Áday -1 ). They also observed that old burns (>5 years) exhibited higher CH 4 consumption rates than mature black spruce forests (Table 4) . Recent fires appear to initially suppress CH 4 consumption rates, which are eventually restored to levels that are higher than those in mature forests (Burke et al. 1997) . CH 4 consumption rates in burned (16 years after natural burn) and mature jack pine averaged -0.60 and -0.58 mgÁm -2 Áday -1 , supporting our speculation that CH 4 consumption potential is restored several years after a natural fire.
In Chibougamau mean rates of CH 4 influx for the upland and slope plots in the mature black spruce site were 2.5 times greater than those for the cut-over black spruce forest over the study period. Kahkonen et al. (2002) also observed a 40% decrease in CH 4 consumption rates in clear-cut spruce forest soils in Finland. Scarification to enhance restoration at the cut-over site did not significantly affect CH 4 consumption rates; this result contrasts with the findings of Kruse and Iverson (1995) , who reported higher CH 4 consumption rates in scarified versus unscarified heathlands in Denmark.
Unlike boreal fens and bogs, which produce greater amounts of CH 4 (e.g., Bubier et al. 1995; Rask et al. 2002; Pelletier et al. 2007) , forested wetlands in Eastmain and Chibougamau were minor net sources of atmospheric CH 4 , in the range of values reported from coniferous swamps at the southern fringes of the Canadian boreal forest ecoregion (Roulet et al. 1992 ). The cut-over wetland produced CH 4 at rates significantly greater than those of the mature wetland in Chibougamau. Average summer soil temperatures (13 8C in cut-over and 9 8C in mature wetland), VWC, DOC concentrations, and soil respiration rates were higher in the cutover than in the mature wetland, apparently leading to higher CH 4 emissions from the cut-over than from the mature wetland.
In addition to soil moisture, soil temperature influenced CH 4 fluxes from all sites, though soil moisture and temperature together explained only 32% of the variability in CH 4 fluxes. Increasing soil temperatures during the summer months were accompanied by an increase in CH 4 consumption in the upland forests and in CH 4 emission from the wetlands, results that are similar to patterns noted in boreal upland soils by Savage et al. (1997) and wetland soils by Bubier et al. (1995) .
N 2 O fluxes
High variability precluded any clear seasonal pattern in N 2 O fluxes from sites in Eastmain and Chibougamau. Sporadic atmospheric N 2 O uptake was observed, but when all the fluxes from all the sampling dates were averaged over the measurement period, all sites were net minor sources of N 2 O. Schiller and Hastie (1996) also reported a similar range of net N 2 O emission from black spruce forests in northern Ontario (Table 5 ). The mean N 2 O emission rates of 0.06 ± 0.03 kg NÁha -1 from all the sties in Eastmain and Chibougamau were significantly lower than rates reported from the N-rich Norway spruce (Picea abies (L.) Karst) forests in Germany (Lamers et al. 2007 ) and drained Scots pine (Pinus sylvestris L.) and Norway spruce forests in Sweden (Von (Table 5 ). The range of N 2 O fluxes from the Eastmain and Chibougamau sites were similar to those from boreal forest soils in northern Saskatchewan (0.03 to 0.1 kg NÁha -1 Áyear -1 ) (A.L. Matson and D.J. Pennock, personal communication), black spruce forest soils in northern Ontario (Schiller and Hastie 1996) , and Scots pine forest soils in southern Finland (Pihlatie et al. 2007 ).
High C/N ratios in the upper 15 cm of our soils (27 to 81) may have been responsible for small N 2 O emissions, when compared with low ratios in the Norway spruce and Scots pine forest soils in Germany (15 to 29) and Sweden (26 to 40). Klemedtsson et al. (2005) reported a threshold C/N value of 25 in organic soil layers above which N 2 O emissions from boreal forest soils ranged from 0.05 to 0.8 kg NÁha -1 Áyear -1 . This range in N 2 O emissions is in agreement with our results: the organic layer C/N ratios in all sites are >25. Soils with C/N ratios above 25 have small or negligible nitrification rates (Lovett et al. 2002; Ollinger et al. 2002; Aber et al. 2003) , and the low nitrification rates observed in our sites may have limited the N 2 O production processes and thus net N 2 O emissions, compared with those of temperate forest soils with C/N ratios <25 in the United States and Europe (Groffman et al. 2000 Ullah and Zinati 2006) . Interestingly, the aspen and alder wetlands at Eastmain showed the highest N mineralization and nitrification rates, apparently leading to greater N 2 O emissions from these soils. Amaral and Knowles (1997) reported higher potential nitrification activity in aspen than black spruce forest soils in Manitoba. Those findings support our speculation that higher internal N cycling potentials in aspen forest soils lead to higher N 2 O emissions, compared with black spruce forest soils, as a result of coupled nitrification-denitrification processes.
Additionally, nitrification produces NO 3 in soils, which under anaerobic conditions is used by denitrifiers, which convert it to N 2 O and N 2 gases (Ullah and Zinati 2006) . Higher nitrification rates in aspen and alder wetlands may have supported higher denitrifier activity through sustained NO 3 production, leading to higher N 2 O emissions from these sites compared with black spruce and jack pine sites as a result of both nitrification and denitrification processes. In eastern Canada, Ullah et al. (2008) found that faster denitrification rates led to larger potential N 2 O emissions from forested wetland soils than from well-drained forest soils. Denitrifier activity is speculated to be significantly higher in alder wetland and aspen soils because of higher soil moisture content, contributing to higher N 2 O emission rates from these sites than from black spruce and jack pine sites. The relative contribution of nitrification and denitrification processes to net N 2 O emissions from these forests, using 15 N, could explain some of the variability associated with N 2 O fluxes from boreal forests (Bedard-Haughn et al. 2006) . When averaged, net N 2 O emissions represented 0.24% and 0.82% of the total net nitrification rates for the Eastmain and Chibougamau forest soils, respectively. These values are lower than those reported for birch boreal forests soils (1.5% to 5%) in Finland (Maljanen et al. 2003) . The soil C/N ratios in Eastmain and Chibougamau are higher than those in the birch forests of Finland (C/N of 20), meaning that competition for mineral N among microbial metabolic, plant uptake, and denitrifier demands may have led to these lower N 2 O emissions when expressed as a percentage of net nitrified N. This hypothesis raises further questions as to how N 2 O emissions, expressed as a proportion of net nitrified N, vary with changes in C/N ratios of forest soils. It would be worthwhile to conduct further studies testing the hypothesis that C/N ratio is correlated with N 2 O production, expressed as a proportion of net nitrification rate, in a range of forest ecosystems with different soil C/N ratios.
CO 2 fluxes
CO 2 emission rates from sites in Eastmain and Chibougamau are comparable to those reported for boreal forest soils by Savage et al. (1997) in Manitoba and by Billings et al. (1998) in interior Alaska (Table 4) . Mature black spruce, aspen, and jack pine forests showed similar CO 2 emission rates in Eastmain. Burned black spruce and jack pine forest soils showed 1.8 and 1.5 times smaller CO 2 emission rates than mature black spruce and jack pine forest soils, respectively. A lower soil respiration rate in burned forest soils may have been due to decreased root density and respiration, and Wang et al. (2003) and Kim and Tanaka (2003) also noted a similar trend of lower soil respiration rates in burned boreal forest soils in Manitoba and Alaska, respectively. In Chibougamau CO 2 emissions from upland and slope plots (well-drained soils) under mature black spruce were not different from each other. Similarly, emissions from well-drained soils were not significantly different than those from the poorly drained mature alder wetland site. Scarified and unscarified plots exhibited similar CO 2 emission rates; however, the cut-over wetland at Chibougamau produced 1.9 times more CO 2 than the mature wetland site, suggesting that clear-cutting enhanced soil respiration rates. Similarly, CO 2 emissions from the well-drained mature black spruce site were lower than those from the scarified and unscarified sites, although not significantly. Our result is in contrast with the findings of Bergeron et al. (2008) , who reported lower soil respiration rates in cut-over than in the mature forest at the same site. CO 2 emissions from the unscarified and scarified sites were not different from each other, in accord with the findings of Giasson et al. (2006) before and after scarification in 2003 and 2004, respectively. In both Eastmain and Chibougamau, soil temperature significantly influenced CO 2 emission rates, suggesting a strong seasonal control on CO 2 emissions, in agreement with the results of Savage et al. (1997) . In contrast to soil temperature, soil drainage class did not significantly influence CO 2 emission rates.
N mineralization
N mineralization rates observed in Eastmain and Chibougamau soils are lower than the rates reported by Légaré et al. (2005) for boreal forest soils in western Quebec; their rates were determined through laboratory incubations of soils amended with distilled water, whereas our incubations were done without water addition. Changes in soil moisture conditions over the incubation period in the laboratory may have promoted higher N mineralization rates than those observed for our soils. Similarly, net nitrification rates observed at our sites are lower than the rates reported by Légaré et al. (2005) but are in good agreement with those reported by Westbrook et al. (2006) in boreal forest soils in northwestern Ontario. The general N limitation in these sites, with higher C/N ratios favoring immobilization of N by soil microbes, suggests that nitrification was substrate limited. Eastmain aspen and alder wetland soils and mature and cut-over wetland soils at Chibougamau exhibited higher N mineralization and nitrification rates than black spruce and jack pine forest soils. Alder, as a symbiotic atmospheric N 2 fixer in boreal forests, may have supported higher soil N turnover rates than spruce and jack pine forest soils (Vogel and Gower 1998) . Stottlemyer and Toczydlowski (1999) also found higher net N mineralization rates in soils of an alder forest than spruce forests in northern Michigan and ascribed higher N mineralization rates in the alder forest soils to lower N immobilization demands than in the spruce forest soils. Aspen, which is deciduous with an easily decomposable leaf litter, has been shown to increase soil nutrient cycling, including that of N, in boreal forest soils dominated by an understory of aspen species (Légaré et al. 2005 ). Amaral and Knowles (1997) also observed higher potential nitrification rates in aspen forest soils than in black spruce forest soils in Manitoba.
Carbon and N substrates appeared to control N mineralization and nitrification rates, and Westbrook et al. (2006) observed a similar result with no correlation between N transformations and microclimate variables in boreal forest soils of northwestern Ontario. Nitrogen mineralization and nitrification rates measured under standard laboratory conditions, with fewer replicates at each forest site, provide an index of the rates of N transformations and some of their primary controls, but their implications need to be interpreted with caution, as these rates may not reflect in situ conditions. Similarly, greenhouse gas fluxes were determined through point measurement in these forests (four collars per site) on a monthly basis during the snow-free period only. Our study is limited by a lack of site replication but is a first attempt at quantifying trace gas fluxes from boreal forests in Quebec.
Conclusions
Well-drained boreal forest soils acted as net sinks of atmospheric CH 4 , while wetlands in these forests were net sources of CH 4 . Jack pine forest soils consumed more CH 4 than black spruce and aspen forest soils. Logging of black spruce forests reduced soil CH 4 consumption rates, based on our limited snow-free period flux data. CH 4 emission rates may increase from forested wetland soils when they are logged. Our results are consistent with the general assertion that soil moisture and temperature regulate CH 4 fluxes in forest soils. N 2 O emissions from boreal forest soils appeared to be controlled by soil C/N ratio and were low compared with temperate deciduous forest soils, owing to the smaller net N mineralization and nitrification rates, which provided less mineral N substrate for N 2 O production. Aspen forest soils and wetlands dominated by alder in these landscapes exhibited higher N mineralization and nitrification rates than black spruce and jack pine forest soils and led to larger net N 2 O emissions. Further long-term in situ N 2 O flux measurements from boreal forests are recommended to improve our understanding of the control exerted by substrate and microclimate variables over N 2 O fluxes. Our data suggest that CO 2 emissions from burned forest soils are smaller than those from mature forest soils, while clear-cutting results in larger emissions.
